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Understanding the fundamental processes of light-matter interaction is important for detection
of explosives and other energetic materials, which are active in the infrared and terahertz (THz)
region. We report a comprehensive study on electronic and vibrational lattice properties of struc-
turally similar 1, 3-dinitrobenzene (1, 3-DNB) crystals through first-principles electronic structure
calculations and THz spectroscopy measurements on polycrystalline samples. Starting from reported
x-ray crystal structures, we use density-functional theory (DFT) with periodic boundary conditions
to optimize the structures and perform linear response calculations of the vibrational properties at
zero phonon momentum. The theoretically identified normal modes agree qualitatively with those
obtained experimentally in a frequency range up to 2.5 THz and quantitatively at much higher
frequencies. The latter frequencies are set by intra-molecular forces. Our results suggest that van
der Waals dispersion forces need to be included to improve the agreement between theory and ex-
periment in the THz region, which is dominated by intermolecular modes and sensitive to details in
the DFT calculation. An improved comparison is needed to assess and distinguish between intra-
and intermolecular vibrational modes characteristic of energetic materials.
Introduction. The challenging problem of reliable de-
tection of energetic materials and explosives is an evolv-
ing and active research field. A particularly interesting
aspect is the remote stand-off detection using the molecu-
lar fingerprint in the THz region [1–3]. On the one hand,
THz time-domain spectroscopy (THz-TDS) has shown
in the past decade to be a powerful method to charac-
terize the vibrational modes in the 0.1-3.0 THz region
and thus provides the needed spectral fingerprints. On
the other hand, predicting and identifying the vibrational
modes of energetic materials from first-principles density
functional theory (DFT) calculations in the THz regime
remains a daunting challenge [4]. Small differences in
the energy of the electronic structure calculations on the
order of 1 meV can have drastic effects on the low fre-
quency vibrational spectrum in the terahertz region (1
THz ≈ 4.14 meV). This is especially true for energetic
materials and explosives, which have a quite complicated
molecular crystal structure. Therefore, a success in over-
coming this challenge will have huge technological im-
plications. In particular, knowing the vibrational modes
of a dielectric insulator will allow us to understand the
origin of the electromagnetic signature of the molecular
crystal for fingerprinting its response in the THz regime
of these materials.
The 1, 3-DNB molecular crystal is an inert material,
yet an ideal substitute for explosives due to its similarity
in chemical composition, molecular structure, and phys-
ical and dielectric properties. It also shares many com-
mon structural properties with explosives such as a back-
bone benzene ring, NO2 antenna groups, intermolecular
hydrogen bonds, and planar packing. Here we investi-
gate the vibrational spectrum of the 1, 3-DNB molecular
crystal using periodic DFT and THz-TDS methods. Our
DFT calculations on a model 1, 3-DNB single molecule
with periodic boundary conditions identify most of the
normal modes, which were measured accurately by our
THz-TDS technique on the more complicated molecular
crystal within the frequency between 0.5 and 2.5 THz.
Interestingly, the prediction also reproduces, for the first
time, the lowest energy mode at ≈ 0.45 THz, which is in
good agreement with our experiments and earlier work
by Fischer et al. [5]. Our work demonstrates that DFT
can provide a theoretical underpinning for an accurate
detection of 1, 3-DNB and similar explosive materials.
The experimental validation of DFT predictions should
drastically improve once van der Waals dispersion forces
are included to deal with intermolecular interactions. Fi-
nally, this suggests that such theoretical capability should
also enable the identification of intrinsic THz modes from
high-order harmonics of GHz modes, which can originate
from intermolecular interactions.
Methods. All calculations were performed by using the
plane-wave pseudo-potential method of DFT with peri-
odic boundary conditions, as implemented in VASP [7]
and Quantum Espresso (QE) [8] codes. The crystal struc-
ture of the 1, 3-DNB solid, as shown in Fig. 1(b), is or-
thorhombic (space group Pna21 or #33) [6, 9–12]. Each
unit cell contains four 1, 3-DNB molecules and at 130
K has the reported linear dimension of a = 14.040 A˚,
b = 13.208 A˚, c = 3.6940 A˚ [6]. We used the x-ray re-
fined atomic structure provided in the Crystallography
2FIG. 1: a Schematic image of the 1,3-DNB single molecule.
b Reported x-ray crystal structure of the 1,3-DNB molecu-
lar solid with experimental lattice parameters at 130 K after
Ref. [6].
Open Database [9–12] as the starting basis for our stud-
ies.
We considered vibrational properties for both an iso-
lated 1, 3-DNB single molecule by introducing an en-
larged periodic supercell of dimension (a × b × 4c) and
the molecular crystal case. For the single-molecule case,
as shown in Fig. 1(a), the calculations were performed by
using the QE 5.0.1 package with the provided ultra-soft
PBE [13] pseudo-potentials [14]. The first Brillouin zone
is sampled with 8× 8× 8 k-points. The energy cutoffs of
40 and 160 Rydberg (Ry) were taken for wave function
and charge density, respectively. With the fixed linear
dimension of the supercell, the internal atomic structure
was relaxed and optimized with the self-consistency res-
olution of 10−14 Ry for total energies and 0.4 mRy/A˚ for
mean atomic forces per atom.
For the 1, 3-DNB molecular crystal, as shown in
Fig. 1(b), we used the VASP-5.3.1 package [7] to cal-
culate the total energy as a function of volume and opti-
mized the internal atomic positions at each volume. For
all atoms, the ultra-soft [14, 15] PBE pseudo-potentials,
provided by VASP, is used and the first Brillouin zone
is sampled with a mesh of 6 × 6 × 6 k-points. The en-
ergy and force convergence criteria are 10−6 eV and 10−4
eV/A˚ per atom, respectively. Various values of the en-
ergy cutoff parameter, 500 eV and 700 eV, were taken
for the reliability of the optimized volume. For both
single molecule and molecular crystal case, the density
functional perturbation theory (DFPT) was used to ob-
tain in linear response the vibrational dispersion at the
center of the lattice Brillouin zone (phonon momentum
q = 0. For the latter case we also used the Phonopy
package [16] for crosschecking the results, and confirmed
that the calculated mode frequencies obtained from both
FIG. 2: Comparison between experimental and theoretical
volume of 1,3-DNB molecular crystalline solid. The energy-
volume curves, obtained using DFT with PBE functional at
absolute zero temperature, are shown by the solid black and
red curves for two energy cutoff values of 500 eV and 700 eV,
correspondingly. The theoretically found equilibrium position
is around 825 A˚3, and is significantly larger than the exper-
imentally observed value of 685 A˚3 at 130 K, marked by a
vertical dashed line.
approaches agreed well with each other.
The sample was prepared from commercially avail-
able 1, 3-DNB powder and hand-pressed at 4000 psi us-
ing a 2-ton Carver press to 6 mm diameter by 1 mm
thick pellets. A metallic sample holder containing two
identical apertures of diameter 3.5 mm is used for sam-
ple measurements.[17] During measurements, the sam-
ple is attached to one hole, while the other clear hole is
used as the reference. We employed a ZnTe-based THz-
TDS spectrometer for sample measurements.[18] A Tita-
nium:Sapphire amplified pulsed laser system, operating
at λ=800 nm with 50 fs laser pulses, is used for THz gen-
eration and detection via nonlinear electro-optic effect in
ZnTe crystals. Generated THz pulses are collected, col-
limated through the sample, and finally detected on the
THz detector by two pairs of parabolic mirrors. The
THz beam centered through the sample holder’s aper-
ture has a frequency independent diameter of 3.5 mm.
To mitigate the THz absorption by the ambient water
vapor, the enclosed THz system is continuously purged
with dry air. The sample holder is attached to a liq-
uid helium cooled cryostat, allowing precise control of
sample temperature. The measured time-dependent THz
pulses transmitting through the sample and reference are
converted to complex frequency spectra using numerical
Fast Fourier Transform. Because of the finite thickness of
the sample pellets, the THz pulse through the sample is
usually accompanied by multiple reflected pulses. How-
ever, clear time separation between main and reflected
pulses enables truncation of the sample THz pulses just
3before the arrival of the first reflection, alleviating multi-
reflection-induced oscillations in spectra, but also limit-
ing the low frequency resolution.
Results and discussions. Our calculations for the 1, 3-
DNB single molecule with periodic boundaries gives all
normal modes with physically real frequencies, except
for the three translational modes. For the 1, 3-DNB
molecular crystal, the calculations yield imaginary vi-
brational modes, irrespective of using the reported x-
ray crystal structure or the relaxed atomic structure ob-
tained with fixed experimental lattice parameters [6] at
130 K, suggesting the structure is dynamically unstable
toward small perturbations. Therefore, we performed to-
tal energy calculations for a sequence of volumes. For
each of them the internal atomic positions are fully op-
timized. Figure 2 shows the volume dependence of the
total energy calculated with an energy cutoff of 500 eV
and 700 eV. A rigid shift in energy can collapse both
curves, demonstrating good convergence for finding the
optimized volume. The theoretically optimized unit cell
has the linear dimension of aopt = sa, bopt = sb, and
copt = sc, where uniform relaxation of the lattice param-
eters with scaling factor s = 1.064 was assumed. This
scaling amounts to a theoretical unit volume of 825 A˚3,
which is noticeably bigger than that of the experimental
volume of 685 A˚3 [6] (marked by a vertical dashed line
in Fig. 2). The overestimation of the volume could be
due to the PBE exchange-correlational functional, which
routinely underestimates the binding strength of molecu-
lar crystals. Similar discrepancies have been reported in
the literature for other molecular crystals [19, 20]. This
behavior is indicative of the importance of van der Waals
dispersion forces, which are absent in our DFT calcula-
tion. Noteworthy, we found that the calculations with
the theoretically optimized volume give all normal vibra-
tional modes.
After Fast-Fourier transforming our measured THz-
TDS spectra, we fit the complex spectra to the following
relation between the electric field of the sample and ref-
erence at normal incidence [18]
Esmpl(ω)
Eref (ω)
= t12t21e
i(k−k0)de−αd/2 , (1)
to obtain the complex refractive index n = nr + ini and
the absorption coefficient α = 4πni/λ. Here k0 = 2π/λ
is the free space wave vector, ω = k0c with speed of
light c, k = 2πnr/λ is the wave vector inside the sam-
ple, d is the sample thickness, and t12(ω) and t21(ω) are
the frequency-dependent Fresnel transmission coefficients
from the front- and back-side of the sample. With the
extracted complex refractive index and absorption coef-
ficient, the complex dielectric function is given through
the relation
ǫ(ω) = ǫr + iǫi = (nr + ini)
2
= (nr + iαλ/4π)
2 . (2)
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FIG. 3: Frequency dependence of the refractive index (a),
absorbance (b), real (c) and imaginary (d) parts of the di-
electric function, extracted from the THz-TDS experiments
measured on a polycrystalline (compressed powder) pellet
1, 3-DNB at 295 K (red) and 7.5 K (blue) curves, respectively.
That is, ǫr = n
2
r − (αλ/4π)
2 and ǫi = αλ/2π.
Figure 3 shows the extracted refractive index, ab-
sorbance (absorption coefficient), and the complex dielec-
tric function (real and imaginary parts) from the mea-
sured THz spectra on 1, 3-DNB polycrystal at tempera-
tures 295 K and 7.5 K. In our experiment, the absorption
spectrum shows multiple signatures of prominent reso-
nant peaks within our measured spectral window between
0.3 and 2.5 THz. As shown in Fig. 3(a) and (b), both
refractive index and absorbance show weak frequency de-
pendence, yet strong temperature dependence. Their val-
ues decrease as the temperature of the sample decreases
from room temperature to 7.5 K. The refractive index
drops nearly 30%, while the real part of the dielectric
function drops roughly 60%. In addition, we observe blue
shifts and narrowing of the absorption peaks at cryogenic
temperature.
In Fig. 4 the first-principles phonon modes for the
molecular crystal are shown as vertical solid lines. Com-
paring our crystalline 1, 3-DNB calculation with our THz
experiment (solid black curve), we find the observed
modes at 1.03 THz and 1.28 THz are qualitatively identi-
fied, while the 0.59 THz normal mode is missing from our
calculations. On the other hand, in our DFPT phonon
calculation for the periodic single molecule of 1,3-DNB
(solid green curve, obtained via Eq. (3) below), using
the PHonon package of QE [8] we recover the lowest fre-
quency mode at 0.45 THz. Our calculated lowest fre-
quency has a prominent and stronger oscillator strength
compared to our experimental observation at 0.59 THz,
while it is in better agreement with the absorbance peak
reported by Fischer [5]. The origin of this discrepancy
is unclear and difficult to sort out, since Fischer mixed
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FIG. 4: Comparison between experimental and theoreti-
cal THz absorbance spectra; measurements (solid black lines)
were performed at 7.5 K. Calculations are shown for both
single molecule (solid green), and crystalline solid (vertical
blue) of 1,3-DNB. For the crystalline solid, only the phonon
frequency modes are calculated, which are identified by the
vertical lines.
polyethylene with 1,3-DNB to press pellets of unspecified
thickness. Our interpretation is that such modes possibly
originate from the librational motion of the NO2 antenna
groups attached to the ‘1’ and ‘3’ positions of the carbon
ring. A different conclusion was drawn from a rigid struc-
ture model analysis by Wo´jcik et al., who assigned these
internal torsion modes to 1.89 and 1.92 THz.[6] In the
crystalline phase with a more ordered and rigid configu-
ration, such motions are constrained and would explain
the weaker oscillator strength in the infrared absorbance
spectra measured in this work.
Furthermore, in the absence of a contribution from
conduction electrons, which is the case for the dielec-
tric 1, 3-DNB molecular solid, the total complex dielec-
tric function can be described by the Lorentz model [21]
ǫ(ω) = ǫ∞ +
∑
j
fjω
2
j
ω2j − ω
2
− iΓjω
. (3)
Here ǫ∞ is the high-frequency dielectric constant, fj is
the dimensionless oscillator strength, ωj is the j-th nor-
mal mode, and Γj is the damping constant. For sim-
plicity, we assume frequency independent damping. By
fitting the measured ǫ(ω) at 7.5 K to Eq. (3), we identify
the first five transverse optical (TO) phonons, including
their oscillator strengths and damping constants, which
are listed together with the different theoretical values of
low-energy modes in Table 1.
By setting the damping coefficient to a constant for all
modes (a reasonable physical value is 0.2 THz), we can
calculate the dielectric function and in turn the absorp-
FIG. 5: Comparison between interpolated experimental in-
frared (IR) spectra at 130 K [22] (solid black) and theoretical
(solid red) single molecule calculation for 1,3-DNB. The the-
oretical complex dielectric function used the single fit param-
eter ǫ∞ = 1.75 to fit the THz spectrum at 7.5 K. Panels (a)
and (b) show the Re[ǫ(ω)] and Im[ǫ(ω)] in the infrared region
up to 100 THz in the far-infrared (high frequency) region;
(c) and (d) show the low-frequency THz spectra of Re[ǫ(ω)]
and Im[ǫ(ω)] for the calculations (solid red), THz-TDS ex-
periments (solid black), and Lorentz fit to experimental data
(dashed blue).
tion coefficient for the single molecule (e.g., the green
curve in Fig. 4). We find that the calculated real and
imaginary dielectric functions agree reasonably well with
our measurements at low temperatures with only a sin-
gle fit parameter ǫ∞. The direct comparison is shown
in Fig. 5. For a consistency check we also compare our
calculated real and imaginary dielectric functions for the
single molecule with those of single-crystal experiments
reported by Trzebiatowska-Gusowska et al.[22] Our cal-
culated complex dielectric function in the near- and far-
infrared regions is in good agreement with the interpo-
lation function reported for the ten most prominent ab-
sorption signatures in Ref. [22], as shown in 5 (a) and
(b). The largest mode in the single-molecule DFPT cal-
culation is 94.5 THz and compares favorably with the
measured IR mode at 93.3 THz. We also successfully
reproduce the large measured spectral gap [22] between
51 and 86 THz (vs. 50 and 93 THz) without adjustable
parameters. The offset seen in Re ǫ between the experi-
mental IR curve and theory stems from different param-
eters ǫ∞ used at room temperature and 7.5 K, due to
its strong temperature dependence. Overall the high
frequency intra-molecular modes of the single molecule
are well captured by the DFPT method, despite the lack
of van der Waals dispersion forces in the periodic DFT
calculations and temperature differences between theory
and experiment.
In the THz region, where intermolecular interactions
5TABLE I: Experimental and DFPT calculated THz frequency modes and oscillator strengths of 1,3-DNB molecular crystal.
The oscillator strengths for the single molecule (sm) obtained from QE were scaled by factor four to account for the four
molecules per unit cell, and uniform damping of 0.2 THz was assumed.
Mode ωj/2π (THz) fj Γ/2π (THz) ωj/2π (THz) fj ωj/2π (THz) ωj/2π (THz)
(Exp) (Exp) (Exp) (DFT sm) (DFT sm) (DFT x-tal) (Wo´jcik)
1 0.59 0.012 0.07 0.45 0.175 0.57
2 0.86 0.031 0.15 0.95 0.72, 0.84
3 1.03 0.026 0.11 1.00 0.044 0.97 0.93, 0.96
4 1.28 0.037 0.20 1.30 0.043 1.29 1.14
1.35 1.20
1.50 1.68
1.59
5 2.40 0.090 0.60 1.90 0.010 1.96 1.83
2.14 0.003 2.06 2.34
2.12 2.37
2.16
2.20
2.29
2.54
are expected to play a dominant role, our single-molecule
calculations show qualitative agreement with both the
real, 5(c), and imaginary, 5(d), dielectric functions ob-
tained from our pressed powder pellet. The magnitude
of the distinct peak-like feature present in our calcula-
tion at 0.45 THz is stronger than the experimental peak
intensity at 0.59 THz. This peak suppression may be due
to the surrounding environment of inter-molecular forces
in the crystal, which constrains the motion of the NO2
antenna group present in the individual molecules of the
solid. Our measured peak at 0.86 THz was not captured
in the DFPT calculation of the single molecule, while it
agrees with the lowest mode at 0.95 THz in the crystal.
It is feasible that incorporation of van der Waals inter-
actions lowers the symmetry of the crystal and generates
additional low-frequency modes missed currently.
The five lowest frequency vibrational modes, which are
observed in our measurements and calculations, are pre-
sented in Table 1. They compare reasonably well with
the infrared and Raman measurements at 0.57, 0.72, 0.84,
0.93, 0.96, 1.14, 1.20, 1.68, 1.83, 2.34, 2.37, 4.89 and 5.94
THz reported originally by Bobrov et al.[23] and revisited
by Wo´jcik et al.[6], who used a rigid structure analysis
for the normal modes of the single molecule.
Conclusions. In summary, we performed first-
principles DFT electronic structure and DFPT phonon
calculations of the THz spectrum of the dielectric 1,3-
DNB molecular crystal to compare with THz-TDS mea-
surements in the 0.3-2.5 THz region. Calculations for the
single molecule with periodic boundaries and the molec-
ular crystal were in overall good agreement except for the
low-frequency THz modes of interest, pointing to subtle
differences in intermolecular interactions and details in
DFT codes. The relaxed structural crystal properties ob-
tained from VASP differ noticeably from the experimen-
tally reported volume, leading to a larger unit cell as is of-
ten the case for PBE exchange functionals. However, the
VASP-calculated vibrational modes are in qualitatively
good agreement with measurements from the THz spec-
troscopy. We note that our measured low-temperature
spectrum itself is in overall good agreement with previ-
ous reports for solid 1,3-DNB. Our high-resolution mea-
surements enabled us to clearly identify a low-frequency
mode at 0.59 THz and another mode at 0.86 THz. Quan-
titatively, the theoretical (VASP) and experimental spec-
tra are overall offset by about 0.4 THz. While this is of
little concern at high frequencies, it makes a direct first-
principles prediction of low-frequency modes below 2.5
THz challenging for absolute fingerprinting of molecular
crystals. Nevertheless, the DFPT calculated modes still
capture the general trends in the absorption spectrum of
the 1,3-DNB crystal. In the future, we plan to improve
the DFT calculations by incorporating van der Waals in-
teractions for the long-range dispersive forces between
molecules to correct for the overestimation of the opti-
mized unit cell volume and lowest normal modes.
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